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Background. Hypothermic storage of red blood cells (RBCs) results in progressive deterioration 
of the rheological properties of the cells, which may reduce the efficacy of RBC transfusions. Recent 
studies have suggested that storing RBC units under anaerobic conditions may reduce this storage-
induced deterioration.
Materials and methods. The aim of this study was to compare the rheological properties of 
conventionally and anaerobically stored RBC and provide a measure of the relationship between 
oxidative damage to stored RBC and their ability to perfuse microvascular networks. Three different 
microfluidic devices were used to measure the ability of both types of stored RBC to perfuse artificial 
microvascular networks. Flow rates of the RBC passing through the entire network (bulk perfusion) 
and the individual capillaries (capillary perfusion) of the devices were measured on days 2, 21, 42, 
and 63 of storage.
Results. The bulk perfusion rates for anaerobically stored RBC were significantly higher than 
for conventionally stored RBCs over the entire duration of storage for all devices (up to 10% on day 
42; up to 14% on day 63). Capillary perfusion rates suggested that anaerobically stored RBC units 
contained significantly fewer non-deformable RBC capable of transiently plugging microfluidic 
device capillaries. The number of plugging events caused by these non-deformable RBC increased 
over the 63 days of hypothermic storage by nearly 16- to 21-fold for conventionally stored units, and 
by only about 3- to 6-fold for anaerobically stored units.
Discussion. The perfusion measurements suggest that anaerobically stored RBC retain a greater 
ability to perfuse networks of artificial capillaries compared to conventionally (aerobically) stored 
RBC. It is likely that anaerobic storage confers this positive effect on the bulk mechanical properties 
of stored RBC by significantly reducing the number of non-deformable cells present in the overall 
population of relatively well-preserved RBC.
Keywords: anaerobic, storage, rheology, microfluidic, deformability.
Introduction
The transfusion of red blood cells (RBC) is the 
primary blood component therapy aimed at correcting 
the potential deficit in the oxygenation of tissues and 
vital end organs in severely anaemic patients. In order 
for RBC to deliver oxygen to the tissues, the cells must 
be able to deform continually while traversing vast 
networks of capillaries. The majority of RBC units used 
for transfusion are stored at 2-6 °C for up to 6 weeks 
in plastic blood bags that contain an anticoagulant-
preservative solution1. The biochemical and mechanical 
properties of RBC deteriorate progressively in 
hypothermic storage, leading to a significant reduction 
in the ability of stored RBC to perfuse microvascular 
networks in vitro2,3, ex vivo4, and in vivo5-7. Significant 
research effort aimed at preventing this storage-induced 
deterioration has been focused on reducing the oxidative 
damage experienced by RBC during hypothermic storage 
by first de-oxygenating RBC and then storing them 
under oxygen-free (anaerobic) conditions8. Anaerobic 
storage of RBC has been shown to diminish the overall 
rate of storage lesion development (e.g. haemolysis, 
vesicle production and phosphatidylserine-exposure) 
and increase levels of ATP, 24-hour in vivo recovery 
rate and maintenance of 2,3-diphosphoglycerate levels 
beyond 3 weeks during storage and consequently extend 
the storage times by 50% (to 63 days)9-11. However, little 
is known about the effect of anaerobic storage on the 
mechanical properties of stored RBC8.
In this study, we hypothesised that anaerobic 
storage would significantly attenuate the oxygen-
dependent damage to RBC mechanical properties 
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and would, therefore, be better than conventional 
(aerobic) storage at preserving the ability of stored 
RBC to perfuse microvascular networks. We tested this 
hypothesis experimentally by quantifying perfusion 
of several artificial microvascular networks (AMVN) 
for RBC stored following the conventional procedure 
(aerobically) and stored using the experimental 
anaerobic storage system.
Materials and methods
Design of the capillary network devices
Figure 1 schematically illustrates the three 
microfluidic devices used in this study to compare 
the rheological properties of RBC stored in aerobic 
(conventional) and anaerobic environments. We refer to 
the device in Figure 1a as the AMVN2,12-14, the device in 
Figure 1b as "Device A", and the device in Figure 1c as 
"Device B". The design and fabrication of the AMVN 
device and the validation of the AMVN perfusion 
measurement have been described in detail previously 
elsewhere2,3,15. Briefly, the AMVN device comprised 
three identical network units connected to three 
separate inlets via the arterioles and one common outlet 
connected via the venules (Figure 1). Each network 
consisted of 5 µm deep interconnecting channels ranging 
in widths from 5 µm (capillaries) to 70 µm (arterioles, 
venules) (Figure 1a, inset). The AMVN perfusion 
measurement was previously validated via repeated 
measurements (n=15) of a single blood sample and was 
found to be reproducible within 2% between devices2. 
The architecture of Device A and Device B was identical 
(Figure 1b, 1c) except for the shape of their pipette-like 
capillary elements (compare Figure 1d and 1e). Each of 
these devices consisted of two identical network units 
with two independent inlets and one common outlet. 
Each network unit consisted of an arteriole channel 
connecting the inlet to a parallel array of 32 capillaries 
(Figure 1b, c, insets) via a series of bifurcating channels; 
each capillary array was drained through a series of 
channels converging into a single venule. Each capillary 
of Device A (Figure 1b) comprised a straight portion, 
330 µm long and 5 µm wide, followed by a 45 µm 
long portion that tapered gradually in width from 5 
µm to 3 µm and further extended to a length of 125 
µm on the venule side (Figure 1d). Each capillary of 
Device B (Figure 1c) comprised a 330 µm long portion 
with a series of ten repeating constrictions (5 µm) and 
expansions (11 µm) of its width, followed by a 45 µm 
long portion that tapered gradually in width from 5 µm to 
3 µm and extended further to a length of 125 µm on the 
venule side (Figure 1e). The depth of all the channels was 
5 µm throughout. All microfluidic devices used in this 
study were fabricated via soft lithography as described 
previously in detail2,14.
Preparation of red blood cell samples
All RBC samples used in this study were obtained 
from a randomised, dual-arm cross-over clinical study 
conducted at the Dartmouth-Hitchcock Medical Center 
with the main purpose of comparing RBC units stored 
conventionally (aerobically) and anaerobically for in 
vitro parameters (pO2, pH, ATP, 2,3-diphosphoglycerate, 
haemolysis, glucose, lactate, Na+, K+ and RBC 
morphology) and for the 24-hour in vivo RBC recovery 
on day 21 and day 42 of storage, measured using the 
standard double-labelling (51Cr, 99mTc) method16. In that 
study, healthy consenting volunteers (n=13) donated 
blood on two separate occasions (separated by at least 
9 weeks). For each subject, the first donated unit was 
randomly assigned to be stored conventionally (control 
arm) or anaerobically (test arm), and the second donated 
unit was allocated to the other arm (thus creating 13 
matched pairs). Whole blood was collected into citrate 
phosphate double dextrose (CP2D) anticoagulant 
solution (Pall Medical, Covina, CA, USA). The blood 
was centrifuged (at 2,000 g for 3 minutes) to remove 
the supernatant, and a RBC storage solution was added 
to each unit. RBC units stored conventionally (control, 
C) received 100 mL of AS-3 additive solution (Nutricel, 
Pall Medical), and RBC units stored anaerobically (test, 
T) received 200 mL of experimental additive solution 
OFAS3 (New Health Sciences, Bethesda, MD, USA)11. 
All units were leucoreduced by filtration (RC2D, Pall 
Medical). Oxygen and carbon dioxide levels of the test 
units (RBC to be stored anaerobically) were reduced 
by passing RBC through a prototype disposable 
hollow-fibre O2/CO2 depletion device under gravity. 
The prototype device consisted of a bundle of 150 µm 
inner diameter microporous hollow fibres (Celgard, 
3M, Charlotte, NC, USA). The hollow fibre bundle 
was wrapped around a core of oxygen sorbent packets 
(ZB, Mitsubishi Gas Chemical Co., Tokyo, Japan) 
and encased in a clear polycarbonate cartridge. RBC 
suspension flowed in the lumen of the hollow fibres at 
a rate of ~300 mL/min into a standard PVC storage bag 
over-wrapped with an oxygen-barrier bag (Rollprint Z, 
Addison, IL, USA) containing oxygen sorbent packets 
(ZB, Mitsubishi Gas Chemical Co.) Both anaerobic 
(test) and conventional (control) units were placed in 
2-6 ºC storage within 8 hours of collection. All RBC 
units were sampled on day 2 (post-processing) and on 
days 21, 42 and 63 of storage, and 2 mL of each sample 
were packaged into waterproof, thermally isolated 
containers (filled with a mixture of water and ice, and/
or thermal packs), and shipped on the same day via an 
overnight courier (FedEx Corporation, Memphis, TN, 
USA) to Tulane University (New Orleans, LA, USA) 
where the mechanical properties of the RBC were 
measured.
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Figure 1 - Schematic illustration of the microfluidic devices used for measuring the 
mechanical properties of stored RBC. 
 (a) The AMVN device consisted of three network units, where each network unit contained 
microchannels of various widths ranging from 70 µm (arteriole, venule) to 5 µm (capillaries). 
Each device consisted of three identical network units with three independent inlets and a 
common outlet. (b) Device A consisted of two identical network units with two independent 
inlets and a common outlet. Each network unit consisted of an arteriole channel connecting 
the inlet to a parallel array of 32 capillaries (insert) through a series of bifurcating channels; 
each capillary array was drained through a series of channels converging into a single venule. 
(c) The design of Device B was identical to Device A except for the shape of the pipette-like 
capillary elements. (d) Design of individual capillaries of Device A. (e) Design of individual 
capillaries of Device B. The depth of all channels was 5 µm throughout; arrows indicate the 
direction of blood flow in the device. 
 RBC: red blood cell; AMVN: artificial microvascular networks.
Upon arrival, each RBC sample was placed in a blood 
bank refrigerator (Jewett BBR6-1B18, Thermo Fisher 
Scientific, Asheville, NC, USA) and stored at 2-6 °C 
until use (samples that arrived warm were omitted from 
analysis). To measure the mechanical properties of the 
RBC, a sample was taken out of the refrigerator and 
mixed gently (by inversion). Standard haematological 
parameters were determined with a haematology 
analyser (Medonic M-Series, Boule Medical AB, 
Stockholm, Sweden). The average haematocrit of the 
RBC samples from units stored conventionally was 44%, 
while that of units stored anaerobically was 37%. The 
haematocrit of all the samples was adjusted to 40% either 
by adding a calculated volume of normal saline, or by 
removing the supernatant (via gentle centrifugation at 
800 g for 5 minutes). After the adjustment, the sample 
was placed on a tube rotator (Barnstead Thermolyne, 
Dubuque, IA, USA) to maintain the uniformity of the 
haematocrit in the sample.
Measurement of the network and capillary perfusion
The experimental set up and procedures used in this 
study for measuring the network and capillary perfusion 
have been described in detail previously2,15. In brief, 
images of the downstream portion of the microchannel 
were captured using a bright-field microscope equipped 
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with a high-speed digital camera and analysed offline 
using a custom image algorithm which determined 
the average velocity of the RBC2. To assure integrity 
of the data collected in this study, we implemented 
the previously described quality control measures2; 
devices that did not pass the quality control were 
discarded (<10%). Bulk flow rates for each RBC 
sample were measured using three or four AMVN 
devices (3 measurements per device), one Device A 
and one Device B (2 measurements per device). To 
measure the capillary flow rates, we used a single 
network of 32 capillaries in one Device A and one 
Device B. All measurements were made at a driving 
pressure differential of −20 cmH2O. The driving 
pressure of the system was set by adjusting the height 
difference (hydrostatic pressure) between the inlets of 
the microfluidic device and a water reservoir attached to 
the device outlet by flexible tubing. Data obtained using 
defective devices or using samples that were damaged 
in shipping were omitted from the analysis. All reported 
p-values were determined using the paired two-tailed, 
unequal variance t-test.
Results
Network perfusion rates
Overall, we observed a marked reduction in the 
network perfusion rate over the duration of storage for 
both conventionally stored RBC units and anaerobically 
stored RBC units in all three microfluidic devices. The 
network perfusion rate for RBC stored anaerobically 
was consistently higher than for their conventionally 
stored counterparts throughout the whole duration of 
storage (Figure 2). Figure 2a shows the change in the 
network perfusion rate for both conventionally and 
anaerobically stored RBC samples over the duration of 
storage, as measured with the AMVN. The perfusion 
rate for conventionally stored RBC declined 10% from 
day 2 to day 42 (p<0.05) and 14% by day 63 (p<0.05). 
For the anaerobically stored RBC, the perfusion rate 
declined 10% by day 21 (p<0.05), 14% by day 42 
(p<0.05), and 14% by day 63 (p<0.05). The perfusion 
rate for anaerobically stored RBCs on day 63 was 6% 
higher than for conventionally stored RBC of the same 
nominal age (p<0.05). Figure 2b shows the change 
in the perfusion rate for both the conventionally and 
anaerobically stored RBC samples over the duration of 
storage, as measured with Device A. The perfusion rate 
for RBC stored conventionally declined 17% from day 
2 to day 21 (p<0.05), 27% by day 42 (p<0.05), and 33% 
by day 63 (p<0.05). For the anaerobically stored RBC, 
the perfusion rate declined 15% from day 2 to day 21 
(p<0.05), 22% by day 42 (p<0.05), and 23% by day 63 
(p<0.05). The perfusion rate for anaerobically stored 
RBC on day 63 was 14% higher than for conventionally 
stored RBC of the same nominal age (p<0.05), and 7% 
Figure 2 - The effect of aerobic and anaerobic storage 
conditions on the mechanical properties of stored 
RBC, as reflected by their ability to perfuse the 
microfluidic devices. 
 Device perfusion for matched pairs of blood units was 
measured by quantifying the rate of blood flow in venules 
of (a) the AMVN device, (b) Device A containing straight 
"pipette" elements, and (c) Device B containing pipette 
elements with repeated constrictions and expansions. The 
driving pressure differential was ‒20 cmH2O. Values are 
means ± SD. Statistically significant differences (p<0.05) 
between anaerobic and conventional (aerobic) storage of 
the same duration are indicated by (*).
 RBC: red blood cell; AMVN: artificial microvascular 
networks; SD: standard deviation.
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3 shows the representative traces of the capillary flow 
rates in Device A for conventionally (Figure 3a1-4) and 
anaerobically (Figure 3b1-4) stored RBC on days 2, 21, 
42 and 63 of storage (we observed similar dynamics for 
Device B). On day 2, the capillary flow rates for both 
samples were relatively uniform, clustering around a 
baseline level common to all capillaries (Figure 3a1,b1). 
The rates of flow in the capillaries for conventionally 
(aerobically) stored RBC clustered around a mean of 
6.4 pL/s (Figure 3a1), and for anaerobically stored 
RBC, around a mean of 8.3 pL/s (Figure 3b1). However, 
the rate of flow in some capillaries was significantly 
lower, and even stopped for a brief period of time or 
permanently (for example, see Figure 3b1). We observed 
a marked increase in the number of individual capillaries 
experiencing these flow rate fluctuations later in storage 
with capillary flow traces switching between a "high-
flow" state and a "no-flow" state caused by transient or 
permanent plugging (Figure 3a2-3, b2-3). With storage, 
the clustering of capillary flow traces around the baseline 
"high-flow" state became progressively less defined for 
the anaerobically stored sample (Figure 3b4), and nearly 
disappeared for the conventionally stored sample (Figure 
3a4). On day 63, a fraction of capillaries were able to 
maintain their operation in the normal, "high-flow" state 
(55% for anaerobic vs 37% for conventional RBC).
Figure 3 - Representative traces of flow rates in individual capillaries of a single network in Device A (each graph shows 32 
traces) for RBC stored conventionally (a1-4) and anaerobically (b1-4) on days 2 (a1, b1), 21 (a2, b2), 42 (a3, b3), 
and 63 (a4, b4).
 RBC: red blood cell.
higher than for conventionally stored RBC on day 42 
(p<0.05). Figure 2c shows the change in the perfusion 
rate for the conventionally and anaerobically stored RBC 
samples over the duration of storage, as measured with 
Device B. The perfusion rate for conventionally stored 
RBC declined 15% from day 2 to day 21 (p<0.05), 26% 
by day 42 (p<0.05), and 28% by day 63 (p<0.05). For 
the anaerobically stored RBC, the perfusion rate declined 
15% from day 2 to day 21 (p<0.05), 19% by day 42 
(p<0.05), and 21% by day 63 (p<0.05). In comparison 
to the conventionally stored RBC of the same nominal 
age, the perfusion rate for anaerobically stored RBC 
was higher by 10% on day 42 (p<0.05) and by 11% 
on day 63 (p<0.05). In addition, the perfusion rate for 
anaerobically stored RBC on day 63 was 8% higher than 
for conventionally stored RBC on day 42. Statistically 
significant differences between anaerobically and 
conventionally stored RBC were observed for all devices 
on Day 63, as well for Device B on Day 42 (indicated by 
[*] in Figure 2).
Capillary flow rates
We measured the flow rate in each of the 32 
capillaries forming a single network unit in Device 
A and Device B, using the same methodology as for 
determining the overall network perfusion rate. Figure 
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Capillary plugging by poorly deformable red 
blood cells
Figure 4 illustrates the transient plugging of 
individual capillaries by a single poorly deformable 
RBC (on day 42 of conventional storage) - the source of 
dynamic fluctuations of the rate of flow in the capillaries 
of Device A and Device B (Figure 3). To quantify the 
differences observed in the dynamics of capillary flow 
between the conventionally and anaerobically stored 
samples, we measured the average "number of plugging 
events" (NPE) occurring within the capillary networks 
of Device A and Device B. To determine the average 
NPE, we collected 5-second-long traces of blood flow 
in capillaries (Figure 3), counted the number of times 
the flow rate in each capillary dropped below the 
baseline "cut off" value (defined as mean flow rate in all 
capillaries of the network for the day 2 sample, minus 
two standard deviations), and then averaged the total 
NPE across all samples of the same storage duration.
Figure 5 shows the change in average NPE for RBC 
stored conventionally and anaerobically throughout 
storage. In Device A, the average NPE for conventionally 
stored RBC increased 3-fold by day 21 (p<0.05), 9-fold 
by day 42 (p<0.001), and 21-fold by day 63 (p<0.05), 
while for RBC stored anaerobically the average NPE 
stayed unchanged for the first 42 days of storage and 
then increased 3-fold by day 63 (p<0.01) (Figure 5a). 
Figure 4 - Transient plugging of the microfabricated pipette-
like capillaries by poorly deformable stored RBC. 
(a) Plugging of a Device A capillary and (b) plugging of a 
Device B capillary by an intact RBC from a sample stored 
conventionally for 42 days. Scale bars are 5 µm.
 RBC: red blood cell. 
Figure 5 - RBC from the same donor stored conventionally and anaerobically were passed through the networks of (a) Device 
A and (b) Device B. 
 Total number of "plugging events" that occurred in the 32 capillaries of a single network during a 5-second interval were counted at 
a pressure differential of ‒20 cmH2O for each sample and then averaged across units of the same nominal age. A "plugging event" 
is defined by counting the number of times RBC plugged (usually transiently) the capillaries of a single network; more specifically, 
the number of times the flow rates of the RBC in the capillaries dropped below the baseline mean minus 2SD of the corresponding 
day 2 sample. Note the increase in the mean number of plugging events as the duration of storage increases for both samples. 
On average, RBC stored conventionally displayed more plugging events. Values shown are means ± SD. Statistically significant 
differences (p<0.05) between aerobic and anaerobic storage of the same duration are indicated by (*).
 RBC: red blood cell; SD: standard deviation.
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of how the changes in deformability of a relatively small 
sub-population of cells affected the overall ability of 
stored RBC to perfuse the microvasculature, both at 
the level of the network and at the level of individual 
capillaries.
We found that the ability of stored RBC to perfuse an 
artificial microvascular network decreased progressively 
with the duration of storage both for RBC stored 
conventionally and for those stored anaerobically. 
However, throughout the entire duration of storage, 
the network perfusion for anaerobically stored RBC 
was consistently higher than that for RBC stored 
conventionally. The number of capillary plugging events 
increased more dramatically for RBC that had been 
stored conventionally than for those stored anaerobically, 
with the most significant differences observed on day 
42 and day 63 of storage. Our results demonstrate that 
anaerobic conditions may diminish the deleterious 
effects of hypothermic storage on the ability of stored 
RBC to perfuse microvascular networks, and suggest 
that this benefit may be due to a significant reduction in 
the number of poorly-deformable RBC that are capable 
of transiently plugging the narrowest capillaries. This 
novel insight into the effect of anaerobic storage on the 
mechanical properties of RBC may potentially have 
significant implications for improving the safety and 
efficacy of stored blood, and its mechanism should, 
therefore, be carefully investigated in future studies. 
In addition, the microfluidic devices developed in this 
study should be useful for testing the effects of various 
storage conditions, additive solutions, and rejuvenation 
strategies on the mechanical properties of stored RBC.
Conclusions
We evaluated the rheological properties of RBC 
from units that had been stored either aerobically 
(conventionally) or anaerobically (oxygen-free) using 
three different microfluidic devices designed to test the 
ability of RBC to perfuse different types of capillary 
networks under nearly-physiological flow conditions. 
The devices proved sensitive to the storage-induced 
decline in RBC deformability. Our results suggest that 
anaerobic storage preserves the ability of stored RBC 
to perfuse networks of artificial capillaries significantly 
better than conventional (aerobic) storage. We further 
show that anaerobic storage is capable of significantly 
reducing the number of the least deformable cells (those 
capable of at least transiently plugging capillaries) 
present in the overall population of relatively well-
preserved RBC. Since the quality of transfused blood 
ultimately depends upon its ability to readily traverse 
capillaries in vivo, anaerobic storage may therefore have 
the potential to significantly improve the safety and 
efficacy of stored blood.
In Device B, the average NPE for conventionally 
stored RBC increased 4-fold by day 21, 6-fold by day 
42 (p<0.05) and 16-fold by day 63 (p<0.01), while for 
anaerobically stored RBC the average NPE increased 
2-fold by day 21, remained relatively unchanged until 
day 42, and then increased 6-fold by day 63 (p<0.01) 
(Figure 5b). In both devices, conventionally stored 
RBC had an average NPE about 2-fold higher than 
anaerobically stored RBC of the same nominal age at 
day 42 and day 63 of storage (Figure 5).
Discussion
An extensive body of in vitro studies unequivocally 
shows RBC degradation (storage lesions) occurring 
during conventional storage. Reducing or preventing 
this degradation is expected to increase the efficacy 
of transfusions (more oxygen delivery to peripheral 
tissues immediately after transfusion) and to reduce 
negative side effects. Numerous emerging omics studies 
document the development of storage lesions at the 
molecular level17-25. Most notably, D'Amici's group and 
others have shown that oxidative damage occurs as early 
as in the first 7-14 days of RBC storage, and that the 
damage can be significantly reduced if RBC are stored 
under anaerobic conditions26-28. Furthermore, gamma-
irradiation and pathogen inactivation systems have been 
shown to induce, via production of reactive oxygen 
species, significant RBC oxidation that has resulted in 
reduced RBC survival in vivo29-34. The causality between 
the oxidation of RBC membrane/cytoskeleton and a 
reduction in RBC deformability has been well established 
in in vitro studies, as well as in the examination of RBC 
from various haemoglobinopathies35-40.
Although previous studies of anaerobically stored 
RBC have documented a significantly reduced 
accumulation of storage lesions compared to that of blood 
stored conventionally for the same period2,8,11,16,41-44, the 
deformability of RBC stored under anaerobic conditions 
has never been previously investigated. This study 
builds on our previous work in which we validated the 
measurement of AMVN perfusion as a metric of RBC 
deformability, in a side-by-side comparison with the 
conventional metrics of RBC deformability (micropore 
filtration and ektacytometry) using RBC modified by 
exposure to glutaraldehyde and diamide of varying 
concentrations15, and demonstrated the sensitivity of 
the AMVN perfusion measurement to storage-induced 
deterioration of RBC mechanical properties for 
conventional (aerobic) storage2,3. Specifically for this 
study, we also developed two alternative AMVN devices 
with capillary microchannels designed to be particularly 
sensitive to the passage of individual poorly-deformable 
RBC that may be present in a sample. We used these 
alternative AMVN devices to gain a better understanding 
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